This paper presents the results of current research on the fatigue life prediction of carbon/epoxy laminate composites involving twelve balanced woven bidirectional layers of carbon fibres and epoxy resin manufactured by a vacuum moulding method. The plates were produced with 3 mm thickness and 0.66 fibre weight fraction. The dog bone shape specimens were cut from these plates with the load line aligned with one of the fibre directions. The fatigue tests were performed using load control with a frequency of 10 Hz and at room temperature. The fatigue behaviour was studied for different stress ratios and for variable amplitude block loadings. The damage process was monitored in terms of the stiffness loss. The fatigue life of specimens submitted to block loading tests was modelled using Palmgren-Miner's law and taking in to account the stress ratio effect. The estimated and experimental fatigue lives were compared and good agreement was observed.
Introduction
Composites are nowadays an alternative, to traditional materials like metals, because of their high stiffness and strength, low weight and adjustable properties. Carbon-fibre-reinforced polymer-matrix composites (CFRPs), for example, have been widely used for aerospace components, sporting goods, structural applications in automobiles, ships, aircraft, etc., as consequence of their beneficial characteristics, such as stability, high specific strength, stiffness and good chemical resistance. Particularity in the automotive and aerospace industries the use of these materials is associated with structural weight reduction and the consequential fuel saving and improved performance [1] .
For the industries mentioned above, structural components are usually subjected to complex fatigue load histories [2] characterized by changes in the amplitude, stress ratio (R), frequency and waveform of the cycling stresses. The fatigue behaviour of composites, for example, has been shown to be highly dependent on the stress ratio, R, as reported in several literature studies [2] [3] [4] [5] [6] [7] . However, in this case, the visco-elastic behaviour of the polymeric matrices has a significant effect on the fatigue life of the composite, in particular for short and randomly distributed fibre composites or when the fibre direction and load direction is different [8, 9] . Petermann and Schulte [8] , for example, observed that for ±45°an-gle-ply laminates of carbon-epoxy tested in tension-tension fatigue at high stress ratios and maximum stresses below the endurance limit, the damage evolution was dominated by creep. According the same authors reported that no creep is to be expected for R = À1 because of zero mean stress. In fact the mean load can be considered as static load and consequently the material creeps under its effect. On the other hand, the 0°angle-plies laminates of carbon-epoxy do not exhibit creep [8] .
Mandell and Meier [4] and El-Kadi and Ellyin [5] discussed the effects of the stress ratio on fatigue life of composites materials. They observed that for a given maximum stress in tension-tension loading the fatigue life increases with increasing R. In compression-compression loading the increase of R reduces the fatigue life of the composites. On the other hand, Rosenfeld and Huang [6] investigated the effect of the compressive loading on the fatigue behaviour of graphite/epoxy laminates for R = 0; À1 and À1. They concluded that a significant life reduction occurs for both R = À1 and R = À1, being higher for R = À1. Rotem and Nelson [7] studied the fatigue behaviour of graphite/epoxy laminates and showed that tension-compression fatigue was more important than tension-tension or compression-compression fatigue. According to El-Kadi and Ellyin [5] the tensile and compressive stresses, in general, do not contribute equally to the damage. The compressive loads produce a significant reduction in fatigue life when compared with results for tension-tension loading [6] .
The influence of the mean stress on the fatigue life of a material is presented in a plot, known as the ''stress amplitude-mean stress diagram", where the stress amplitude (r a ) is a function of the mean stress (r m ), for a fixed fatigue life [2] . Abd Allah et al. [2] , for example, observed that for a constant cyclic life the permissible initial stress amplitude decreases as the mean stress increases, applying some empirical relationships for predicting mean stress effects on the fatigue life prediction of GFR polyester composites. The results show that the estimated values of r a using the Peterson's equation [10] have the best agreement with the experimental data. Boller [11] conclude that for 0°and ±15°laminates, the cyclic stress amplitude at a constant life decreased with increasing tensile mean stress, but the data did not fit the Goodman equation. Also, Crowther et al. [12] observed that the effect of mean stress on the fatigue strength of a chopped strand mat/woven roving/ chopped strand mat sandwich composite did not fit the Goodman equation. Mallick and Zhou [13] did verify that, for short E-glass fibre reinforced polyamide 6.6, the mean stress effect on the fatigue strength can be described by a modified Gerber equation.
This paper presents the results of a current study concerned with the fatigue behaviour of a balanced woven carbon/epoxy composite. The stress ratio effect on fatigue life is modelled based on experimental S-N curves performed with R values from À1 to +0.4, at room temperature. The damage process was monitored in terms of the stiffness loss correlated with the failure sites and the mechanisms analysed using microscopy. A series of sequence block tests were performed using, for each sequence block, different stress ratios corresponding to the constant amplitude fatigue tests. For each block loading test the fatigue life is estimated based on the constant stress amplitude S-N curves using PalmgrenMiner's law and compared with experimental results.
Materials processing and testing
Composite laminate sheets were manufactured using 12 balanced woven bi-directional layers of carbon fibres (196 g/m 2 ) all of them with the same orientation 0/90°, and an epoxy resin matrix. Fibres and resin were hand placed in a mould subjected to low level compression. The mould was then put into a vacuum bag during 8 h for room temperature curing. Fig. 1 the average plate thickness was 3 mm. The quality control of the plates was by visual inspections in terms of finish surface and void content.
The specimens used in the tensile, compressive and fatigue tests were cut from these plates and aligned with one of the fibre direction. The geometry and dimensions of the specimens are shown in Fig. 2 . The specimens used in compressive tests and fatigue with R < 0 were smaller to escape buckling effects. Few compressive tests were carried out with two strain gauges bonded onto both sides of the specimen in order to check the occurrence of buckling.
The static tests were performed in tension using an electromechanical machine (Instron model 4206) according ISO standard [14] , with a strain rate of 5 mm/s. The compressive tests were performed in a servohydraulic machine (Instron model 1341) at a strain rates of 0.05 mm/s, 5 mm/s and 50 mm/s, according to the recommendations of ASTM D 3410/D 3410 M Standard [15] . Four specimens were tested for each condition. The fatigue tests were carried out at room temperature in the same servohydraulic Instron machine using a sinusoidal wave load at constant amplitude and a frequency of 10 Hz. One specimen loaded with the higher displacement was instrumented with thermocouples in order to analyse the increase of temperature during the fatigue tests. No significant variation was observed and, consequently, the other fatigue specimens were not instrumented. Six series of fatigue tests were performed using the stress ratios: À1, À0.5, À0.25, 0.05, 0.2 and 0.4, respectively.
Results and discussion
The static properties of the laminated composites were obtained by tensile and compressive tests. Two typical stress-strain curves for both conditions are plotted in Fig. 3 . It can be seen that for the tensile tests, Fig. 3a , the curves are practically linear until brittle failure. For compressive tests, Fig. 3b , nonlinear behaviour occurs from the beginning. In fact some studies reveal that the nonlinear elastic behaviour, in both tension and compression ranges, is due to viscoelastic behaviour of the matrix and the nonlinear behaviour of the carbon fibres [16] . The material nonlinearity of carbon fibres are a result of their specific microstructure [17] [18] [19] [20] . However, as the tensile tests shows, this material presents linear-elastic behaviour. Therefore the nonlinear elastic behaviour observed in compression tests must be due other explanations. The hypothesis of the general buckling occurrence was discarded by compressive tests with two strain gauges bonded onto both sides of the specimen. Fig. 4 shows that fibres are not perfectly aligned with longitudinal direction in all specimens. While in tension this misalignment tends to decreases with load increasing, in compression tests the opposite phenomenon is expected and consequent microbuckling tends to occur. The increase of the load during the tests promotes an extension of this damage mechanism, which results in a progressive lose of specimen stiffness. Failure mechanisms will be observed later and are in agreement with this explanation.
In order to better understand material nonlinearity in compressive conditions, Fig. 5 shows typical load-displacement curves for strain rates of 0.5 mm/s, 5 mm/s and 50 mm/s, respectively. This effect is more pronounced for lower strain rates (0.5 mm/s), where nonlinearity is strongly observed from the beginning. It can also be seen that load-displacement curves for strain rates of 5 mm/s and 50 mm/s are very similar and the nonlinearity is less significant than for 0.5 mm/s. Table 1 presents all the experimental results obtained from the static tests plus average values and the respective standard deviations. It is possible to observe that ultimate strength for a strain rate of 5 mm/s, defined as the stress at peak load, for the tensile tests, is around 69% higher than for the compressive tests. On the other hand, the difference between the compressive strengths observed for strain rates of 0.5 mm/s and 50 mm/s is about 7%. The compressive strength increases with the increasing in strain rate. The lower compressive strength of the composite was expected and the differences observed from the tensile values are very close to the literature [21, 22] . According to Berbinau et al. [21] and Goutianos et al. [22] the compressive failure of unidirectional fibrous composites is typically 60-70% of their tensile strength and it is a consequence of different failure mechanisms. Fig. 6 shows the main failure mechanisms observed for tensile and compressive loadings. Agreeing with the bibliography [23, 24] , for the tensile specimens tested (Fig. 6a) , the fracture of the fibres in the longitudinal direction is accompanied with some longitudinal delaminations between layers. According to Mittelman and Roman [24] the final rupture is controlled by the strain. On the other hand, for compressive loadings (Fig. 6b) , it is possible to observe a region where the fibres broke, forming a line with an angle around 45°with the loading direction, and with some cracks propagating parallel to the load direction. In agreement with the studies of Nakanishi et al. [25] this fracture morphology is very similar with the mode that they classify as shear mode, with not many vertical cracks but exhibiting fracture surfaces which are at an angle of about 45°to the loading direction. However, in another region, an axial splitting fault and also a combination of two failure modes (shear and splitting) was observed, as reported by Lankford [26] . From the literature [21, 27] it can be inferred that the initial mechanisms for compressive failure of composite materials are usually microbuckling and kinking of the fibres aligned with the load direction.
The fatigue tests were carried out at constant stress amplitude for the six stress ratio R (R = minimum stress/maximum stress), and the results are plotted in Fig. 7a and b) in terms of stress amplitude versus number of cycles to failure and maximum stress versus number of cycles to failure, respectively. The present results confirm the trend reported in literature that the fatigue strength in terms of maximum stress increases with R values, even for negative values [4] [5] [6] [7] . The effect of mean stress observed in this case is very significant. The negative stress ratio tests present a drastic decrease of fatigue strength as a consequence of the lower compressive strength of the laminate composites and different main failure mechanisms. When fatigue strength is quantified in terms of the stress amplitude it decreases with the increasing of stress ratio for positive values. However for negative R values a decrease of fatigue strength was also observed as a consequence of the much lower ultimate compressive strength associated with the failure mechanisms. According literature [5, 6] the tensile and compressive parts of the stress cycle do not contribute equally to the composite's damage. The compressive loads produce higher levels of damage and consequently reduce significantly the fatigue life [6] . Fig. 8 presents optical photos showing the upper and lateral views of the main significant sites and failure mechanisms observed during the tests. The failure mode observed for tension-tension fatigue tests depends on the magnitude of the applied stress.
For relatively high stress levels, close to the ultimate tensile strength, short delaminations were observed before final fibre breakage, while for lower stress levels long delaminations occurred over an extended period of time. These failure mechanisms are according the studies developed by El-Kadi and Ellyin [5] . On the other hand, for tension-compression fatigue tests, the failure starts with the breakage of the fibres, as a consequence of microbuckling and kinking of the fibres aligned with the load direction, followed by cracking parallel to the load direction.
The stiffness modulus was measured during fatigue tests. The peak load and displacement were monitored and used to calculate the stiffness modulus (E), defined by the ratio axial stress/axial strain. Fig. 9 plots E/E 0 versus N/N f , for different tests with the six R values, where E 0 is the initial value of E, N the current number of cycles and N f is the number of cycles to failure. The results show in all cases a slight drop in stiffness modulus during the first fatigue cycles, followed by a region with a stable decrease of E/E 0 until the final failure. The present behaviour confirms the trend reported in literature [28] [29] [30] [31] . The slope and shape of the plot in the stable region appears to be not dependent on both the R value and the stress amplitude. The results for different loads and R values show lower differences than the scatter of results usually observed. The effect of the mean stress on the fatigue strength in terms of the stress amplitude is presented in Fig. 10a for fixed cyclic lives of 10 5 and 10 6 cycles. It is at once evident that, in terms of the stress amplitude, the fatigue strength losses for low mean stresses (negative R values). This plot also shows that the linear relationship of the Goodman Law between stress amplitude and mean stress does not fit the experimental results for low mean stresses. A quadratic equation, including a linear term to account the loss of fatigue strength for negative stress ratios, is in better agreement with experimental results plotted in Fig. 10b ) as the stress amplitude against the dimensionless parameter r m /r UTS . The fitted equation is:
where r a is the stress amplitude, r f is the stress amplitude strength for reverse loadings, r m is the mean stress, r UTS is the ultimate ten- A series of sequence block tests were performed, using for each, sequence blocks with different stress ratios corresponding to the constant amplitude fatigue tests. Fig. 11 shows schematically an example of block loading sequence. Table 2 presents the sequence parameters and fatigue life for each test. According Sonsino [32] for valid variable amplitude loading (VAL) test, the sequence must be repeated at least 5-10 times in order to achieve a service-like load mixing. In the present work the sequence was repeated at least eight times.
For each variable stress amplitude test, the fatigue life is estimated using constant stress amplitude S-N curves using linear damage accumulation Palmgren-Miner's Law and then compared to the experimental values. The comparison of estimated and experimental results is presented in Fig. 12 , where are also plotted two curves corresponding to a tolerance range three times higher or lower then the estimated against the experimental values. Estimated points are within the tolerance range and the average ratio between predictions and experimental lives are close to unit. Therefore, it can be concluded that the method is accurate enough for predictive fatigue design.
The tests were carried out under variable block loading. However, in practice the loading has a random character. The comparison of results obtained for other materials under same spectrum shape, but once applied with blocked loads and once with randomly distributed loads shows a lower fatigue life for random loading (see Ref. [32] ), if the sequence length of the spectrum is too long and the repetition is too low. This aspect should be considered for the tested materials in future investigations.
Conclusions
-The tensile ultimate strength obtained for woven balanced bidirectional laminated carbon/epoxy composites is significantly higher (about 69%) than the compressive ultimate strength. Under tensile loading the composites exhibit brittle behaviour, while in compressive tests some nonlinear behaviour was observed, which may be consequence of progressive fibre buckling. -Fatigue behaviour studied for stress ratios ranging from À0. 5 to 0.4 shows a strong dependency on dependent of stress ratio. For negative stress ratios a drastic decay of the fatigue strength was observed as a consequence of much lower ultimate compressive strengths and fibre buckling. A quadratic equation, including a linear term to account the loss of fatigue strength for negative stress ratios, fitted as a function of the stress rate shows good agreement with experimental results. -The fatigue lives resulting from block loading tests and estimated lives based on Palmgren-Miner's Law were found to be in a good agreement. 
